The wear performances of bovine tooth enamel (BTE) against translucent tetragonal zirconia polycrystals (TZP) compared to that of feldspar porcelain and the influence of surface treatments of translucent TZP were investigated by the two-body wear test. Translucent TZP and feldspar porcelain were used as hemisphere abrader specimens with a radius of curvature of 5 mm; flat BTE surfaces were used as substrate specimens. The cross-sectional area of the worn surfaces of the substrates and the wear volume of the antagonist abraders were measured. Surface roughness, hardness and coefficient of friction as well as SEM observations and EPMA analyses were also performed to investigate the underlying mechanism of wear. The results suggested that BTE is less susceptible to wear when translucent TZP is used as the antagonist in contrast to the use of feldspar porcelain, and that surface treatment of the TZP abraders significantly influenced the wear of BTE substrates.
INTRODUCTION
Tetragonal zirconia polycrystals (TZPs) are widely used in the dental field as materials for fixed dental prostheses (FDPs) because of their excellent strength and superior fracture resistance as a result of an inherent transformation-toughening mechanism as well as their esthetics with white color 1) . For esthetics, opaque zirconia (TZP) frameworks must be veneered with translucent feldspar porcelain or glass ceramic material. However, chipping of the veneering ceramics frequently occurs. The bonding mechanism between Y-TZP and the veneering ceramics is not well known, and the core-veneer interface is among the weakest aspects of these restorations even though the firm bonding of the veneering porcelain to the TZP substrate is recognized 1, 2) . In in vitro studies of layered zirconia crowns, the fracture strength was mostly limited to the veneering ceramics 3) . In clinical applications, the veneering ceramics has also been shown to be the weakest link in zirconia-supported reconstructions 1) . With recent developments in CAD/CAM (computeraided design/computer-assisted manufacture) technologies and with the introduction of new ceramic materials, the possibility of milling full-contour ceramic restorations without veneering has gained increasing importance and popularity. Associated with these developments of the concept that if ceramic chipping could be avoided and the wear of ceramics and antagonists could be reduced [4] [5] [6] [7] [8] , the application of the veneering porcelain has been decreasing in the clinical situation. TZP could be used for fabricating high-strength monolithic restorations 9, 10) and might be indicated, especially in posterior regions. It was reported that opaque TZP reduced the wear of antagonists such as human enamel 1, 5, 7, 11) . Mitov et al. reported the favorable wear behavior of polished zirconia against natural human enamel 1) . Preis et al. reported that antagonist wear against zirconia was found to be lower than that against porcelain 5) . Recently, highly translucent TZPs that achieve improved esthetic results have been introduced 11) . In addition, powder with highly translucent TZP is commercially available with the trade name Zpex 12) . Several translucent TZP products have already been used for clinical applications. Zpex powder is used as an original raw material for making bulk translucent TZP. However, there is little information about the wear behavior between translucent monolithic TZP and tooth enamel.
The surfaces of ceramic restorations are typically modified several times before being functional and being exposed to wear in the oral cavity. First, if no veneering is applied, monolithic ceramic restorations are finished by glazing or polishing in a dental laboratory. At chair side, clinical adjustments by the dentist are usually necessary to achieve optimal contact 11) . Because the grinding of ceramic surfaces results in a limited loss of the glaze layer or roughening of the polished surfaces, a subsequent technique for intraoral polishing should be established. An important objective in the development of new, high-strength ceramic materials for application without veneering should be not only to improve the esthetics but also to optimize the wear performance of the restoration and the antagonist. Ideally, dental materials should achieve wear rates similar to that of tooth enamel or even lower. To minimize wear, both the type of material and its adequate surface treatment are assumed important factors 13) . However, few studies reported the effect of surface treatment (grinding or polishing) of translucent monolithic TZP on the wear of tooth enamel. The purpose of this in vitro study was to investigate the wear performance of bovine tooth enamel (BTE) against translucent TZP compared to that of feldspar porcelain, and to clarify the effect of the surface treatment of translucent TZP on the wear behavior of BTE.
MATERIALS AND METHODS
In the wear test (Fig. 1) , the abrader specimens and substrate specimens used for the antagonist are shown in Fig. 1-a. Abrader specimens Translucent TZP (Zpex100, Tosoh, Tokyo, Japan) and feldspar porcelain (VITA VMK MASTER TRANSLUCENT, VITA Zahnfabrik, Bad Säckingen, Germany) were used as abrader specimens. The translucent TZP had a composition (mass%) of ZrO 2 (balance), Y2O3 (5.2), Al2O3 (0.05), SiO2 (≤0.02), and Fe2O3 (≤0.01) and a particle size of 40 nm.
Translucent TZP powder was cold isostatic pressed at 176 MPa, then sintered at 1,450ºC for 2 h with a heating rate of 600ºC/h in air atmosphere. The cylindrical abrader specimen with one hemispherical end (10 mm long and 5 mm in diameter with a radius of curvature of 5 mm) was fabricated.
The surfaces of the abrader specimens were treated in order to create different surface morphologies, as shown in Table 1 . The surface treatments of the translucent TZPs consisted of the following procedures: TZP-M that was as-received polished specimen, polishing with a diamond wheel (#DIA140, Sankyo Diamond, Kanagawa, Japan) using a profile grinder (PGX2000S, Waida MGF, Gifu, Japan) according to the manufacturer's recommendations; TZP-C, grinding the TZP-M specimen with a diamond bar (102R, SHOFU, Kyoto, Japan); TZP-F, final polishing of the TZP-C specimen with finishing instruments (Show Selection Kit and ZIRCON BRITE, MOKUDA DENTAL, Hyogo, Japan).
Feldspar porcelain was first fired and glazed according to the manufacturer's recommendations. The firing schedule was as follows: pre-drying, 500ºC for 6 min; heating rate, 55ºC/min; firing temperature, 920ºC; holding time, 1 min. After the firing, glazing was performed as follows: pre-drying, 500ºC; heating rate, 80ºC/min; firing temperature, 920ºC; holding time, 1 min. Subsequently, the surfaces of POR-C and POR-F were treated using the same procedures as that for the translucent TZP. Finally, POR-F was reglazed to prepare the POR-G specimen. Six specimens were fabricated for each condition.
Substrate specimen
Bovine anterior teeth were embedded in epoxy resin, then polished with silicon carbide abrasive paper (No. 320-1000), alumina suspension (5 μm) using a Snow cloth, and alumina suspension (0.3 μm) using a suede cloth to expose the flat enamel using a polishing machine (Refine Polisher, APU-138, REFINE TECH, Kanagawa, Japan). These flat bovine tooth enamels (BTE) were used for substrates, as shown in Fig. 1 (a) .
Measurement of surface roughness and hardness
Arithmetic mean roughness (Ra) of the abrader specimens was measured using a surface profilometer (Surfcom 130 A, Tokyo Seimitsu, Tokyo, Japan) with a measuring length of 1.0 mm and cut-off value of 0.25 mm before and after wear tests. Vickers hardness (Hv) of both was measured using a hardness tester (MVK-E, Akashi, Hyogo, Japan) under the conditions of 4.9 N/20 s for TZP-M, POR-G, and BTE (n=6). Three specimens were used for each condition, each of which was measured at 3 points.
Measurement of coefficient of friction
The coefficient of friction was determined in accordance with ASTM G133-05 using a pin-on-disk tribometer (Nanovea TRB, Irvine, CA, USA). The following conditions were applied: load, 1.0 N; duration of test, 5 min; rotational rate, 30 rpm; lubricant, distilled water; atmosphere, air: temperature, 23ºC (room); humidity, 35%. Three specimens were fabricated for each TZP-M/ BTE and POR-G/BTE combination.
Wear testing
A two-body wear test was performed using an experimental wear simulator. As seen in Fig. 1 (a) , each abrader specimen was moved back and forth on the substrate specimen over a distance of 3 mm for 30,000 cycles at a speed of 90 cycles/min and with a vertical load of 10 N. The test was conducted at room temperature with distilled water circulated through a water chamber to remove abrasion debris. Six specimens were fabricated for each condition. After 30,000 cycles, the worn surface of the substrate specimen (BTE) was observed using a scanning electron microscope (SEM, SU-6600, HITACHI, Ibaraki, Japan). In addition, the wear profile of the substrate specimen (BTE) was recorded at a right angle to the direction of movement of the abrader specimen using a surface profilometer (Surfcom 130A, Tokyo Seimitsu, Tokyo, Japan). From this profile, the amount of wear of the substrate specimen was measured with reference to the cross-sectional area (S) and the maximum depth (D) of the chart with Image Analyze System (IAS, HDS-N1, HIROYA, Tokyo, Japan), as shown in Fig. 1 (b) .
The worn surfaces of the abrader specimens were also observed by SEM. Subsequently, the wear diameter (d) of the abrader specimen was measured using a SEM image as shown in Fig. 1 (c) . Finally, the wear volume (V) and wear height (h) were calculated as shown in Fig.  1 (d) .
Electron probe microanalysis (EPMA)
The worn surfaces of the substrate specimens (BTE) were analyzed using an electron probe microanalyzer (EPMA, JXA-8200, JEOL, Tokyo, Japan) in order to identify abraded particles that had adhered to the substrate specimens (BTE).
Statistical analysis
The data was analyzed by an analysis of variance (ANOVA), followed by the Tukey test for a post hoc comparison between groups (α=0.05).
RESULTS

Surface roughness and hardness
The surface roughness (Ra) of the abrader specimens before and after the wear test is shown in Fig. 2 . The measurement of surface roughness after wear test was determined on the direction at a right angle to the direction of the wear test. Before the wear test, the Ra values of TZP were larger, in the order of C>F>M, and those of POR were larger, in the order of C>F · = · G. After the wear test, TZP showed the same tendency as before the wear test. In contrast, there was no significant difference in the Ra values between the three groups of the POR. The Vickers hardness number (Hv) of TZP-M was remarkably higher (1,203±26) than were those of POR-G and BTE, which were 566±19 and 335±39, respectively.
Coefficient of friction
No differences were observed in the coefficient of friction between TZP-M/BTE and POR-G/BTE at 0.19±0.03 and 0.17±0.02, respectively. Figure 3 shows SEM images of the worn surfaces of the substrate specimens (BTE) after 30,000 cycles against various abrader specimens. A large area (both width and length) of wear morphology was observed on the wear track of BTE against POR, compared to those against TZP. Figures 4 and 5 show the maximum depth and cross-sectional area of the substrate specimens (BTE) after 30,000 cycles against various abrader specimens, respectively. Both wear depth and cross-sectional area of the BTE tended to be lower in the order of C>F>M, with the result, in the case of TZP abrader, that the surface roughness of the TZP abrader before the wear test affected the wear behavior. In contrast, in the case of the POR abrader, there were no significant differences in both wear depth and cross-sectional area of BTE among C, F, and G. Figures 6 and 7 show the wear height and wear volume of the abrader specimens against the BTE substrate, respectively. No apparent wear was observed on the TZP abrader. In contrast, POR-G showed small wear height and wear volume compared to POR-F and POR-C. Figure 8 shows characteristic X-ray images of the worn surface of the substrate specimens (BTE) against TZP-M (a) and POR-G (b) as the abrader specimen. Elements of Zr originating in the TZP abrader were not identified (a) whereas elements of Al and Si originating in the POR abrader were detected adhering to the BTE (b).
Wear behavior
EPMA analysis
DISCUSSION
In the present study, the two-body wear behaviors of bovine tooth enamel (BTE) substrates against translucent TZP abraders after different surface treatments were investigated as compared to POR abraders. The results showed that the wear of the BTE substrates against the POR abraders was larger than were those against the TZP abrader despite the fact that the hardness of translucent TZP is more than twice that of POR. In addition, surface treatment of the TZP abraders significantly affected the wear of the BTE substrates: the greater the roughness of the TZP abrader, the greater the wear of the BTE substrates, whereas surface treatment of the POR abraders did not affect the wear of the BTE substrates. Translucent TZP (trade name, Zpex) was used in this study instead of conventional opaque TZP. In this material, the alumina content and number of defects in the TZP were reduced in order to ensure translucency. The density of the sintered translucent TZP was 6.06 g/ cm 3 and the flexural strength was 1,100 MPa 12) . Numerous studies have reported that opaque TZP reduced the wear of antagonists such as human enamel and that the antagonist wear against zirconia is lower than against porcelain 1, 5, 7, 11) . In the present study, similar results were obtained as were those reported for opaque TZP despite the differences in translucency between the specimens. This result might suggest that the alumina contents do not directly affect wear behavior.
In this study, BTE was used to evaluate wear behavior. Because the outermost layer of BTE is covered with cementum, underlying enamel of the BTE was exposed and flat surfaces were prepared with hardness (Hv) similar to that of human enamel. Although numerous other materials have been used as substitutes for human enamel, antagonists for in vitro studies of wear performance have been investigated [14] [15] [16] [17] . BTE is believed to be most suitable for in vitro wear testing by using substrate specimens with a flat surface for standardizing the antagonistic conditions and thus obtaining accurate quantification of wear resuluts 18) . In this study, a two-body wear test was used to evaluate abrader and substrate wear behavior consistent with previous studies 19, 20) . They were able to evaluate the wear behavior of various substrate specimens as well as of abrader specimens. However, this test method does not truly simulate clinical chewing. Wear behavior using a chewing simulator with thermomechanical loading should be addressed. In addition, wear behavior should be investigated by increasing the wear cycle and vertical load.
In the present study, both the maximum depth and the cross-sectional area of the substrate specimens (BTE) against the POR-G abrader specimens were larger than were those of the TZP-M abrader specimens, despite the fact that translucent TZP is more than twice as hard as POR. Both POR-G and TZP-M had almost the same surface roughness (Ra) of 0.31-0.37 μm before the wear test.
Accordingly, wear mechanisms other than the abrasive wear related to hardness should be considered. These include adhesive wear related to the coefficient of friction as well as the microstructure of the material surface originated by the composition.
Adhesive wear occurs when two substances slide over each other, or are pressed into one another, which enhances material transfer between the surfaces of the two substances due to strong adhesive interaction between surfaces with similar physicochemical properties 21) . Adhesive wear is strongly influenced by the coefficient of friction between the materials 20) . However, no differences in the coefficients of friction were shown in this study, which was 0.19 and 0.17 for TZP/BTE and POR/BTE, respectively.
Another underlying mechanism can be linked to the microstructure. The grain size of translucent TZP is less than 0.5 μm with a homogenous distribution of crystal sizes and orientations 12) . Grain size is an important parameter because it determines the surface topography and tribological behavior of the materials. The fine grain size of translucent TZP might cause smooth surfaces after polishing, leading to its lower susceptibility to antagonist wear behavior 20) . In addition, the fact that the wear of the TZP abrader was almost zero against the BTE substrate might indicate that the smooth surfaces of the TZP abrader have been maintained during wear testing.
Unlike translucent TZP, the microstructure of POR is not homogenous but is composed of glassy matrix and crystalline phases, such as leucite 22, 23) . This nonhomogeneity of the material may provoke wear, especially at the beginning of wear simulation. In an ongoing wear process, removal of the glassy matrix and exposure of the crystalline phases may roughen the original surface 24) , leading to further provoking abrasive wear. Indeed, these phenomena were confirmed by our additional evaluation by SEM (Fig. 9) . We observed the worn surfaces of the substrate specimen (a; BTE) and the abrader specimen (b; POR-G) at the beginning of the wear test (1,000 cycles). Roughened surfaces were observed on not only the substrate BTE but also on the POR-G abrader.
In addition, EPMA analyses support the abovementioned wear behavior (Fig. 8) . On the worn surface of the BTE substrate against the POR-G abrader (b), both the Al and Si elements contained in the POR were detected. This demonstrates the possibility of particles of the POR-G abrader adhering to the BTE substrate.
Accordingly, these results indicate that roughening the POR abrader specimen at the beginning of wear might be responsible for the greater wear of BTE against the POR-G abrader than against the TZP-M abrader.
As to the effect of the surface treatment (grinding or polishing) of the abrader specimens on the wear of the BTE substrate, the greater the roughness of the TZP abrader, the greater the wear behavior of the BTE substrate. In contrast, in the case of the POR abrader, there were no significant differences in the wear behavior of the BTE substrate among the different roughnesses of the POR abraders. These results agreed with the results of changes in surface roughness (Ra) of the abrader specimens (Fig. 2 ). Significant differences in Ra values were recognized on the TZP abraders between TZP-C, TZP-F, and TZP-M. No differences were observed between before and after the wear test. These results indicate that roughening the TZP abrader might influence the wear behavior of the BTE substrate throughout the entire wear test. The increasing roughness of the POR-F and POR-G on the POR abraders at the beginning of the wear test might increase the wear of the BTE substrate, but no differences in BTE wear were observed among C, F, and G.
The wear behavior of abrader specimens against the BTE substrate was in accord with the above-mentioned wear behavior of the BTE substrate against the TZP and POR abraders. No apparent wear of the TZP abraders was ever observed, whereas comparatively large wear volumes of were seen in the POR abraders with no differences in wear among surface treatments.
In conclusion, the wear of the BTE substrates against the translucent TZP abraders was much less than that of the POR abrader, even though the hardness of translucent TZP was more than twice that of POR. In addition, surface treatment of the translucent TZP abraders significantly influenced the wear of the BTE substrates. The wear of the BTE substrates increased with increasing the roughness of the TZP abrader. From the viewpoint of cusp abrasion, the results of this study may provide useful information for clinical applications of fixed dental prostheses made with translucent TZP.
